By deciphering the dysregulation of apoptosis in melanoma cells, new treatment approaches exploiting aberrant control mechanisms regulating cell death can be envisioned. Among the Bcl-2 family, a BH3-only member, NOXA, functions in a specific mitochondrial-based cell death pathway when melanoma cells are exposed to a proteasome inhibitor (e.g., bortezomib). Some therapeutic agents, such as bortezomib, not only induce proapoptotic Bcl-2 family members and active conformational changes in Bak and Bax but also are associated with undesirable effects, including accumulation of antiapoptotic proteins, such as Mcl-1. To enhance the bortezomib-mediated killing of melanoma cells, the apoptotic pathway involving NOXA was further investigated, leading to identification of an important target (i.e., the labile Bcl-2 homologue Mcl-1 but not other survival proteins). To reduce Mcl-1 levels, melanoma cells were pretreated with several different agents, including Mcl-1 small interfering RNA (siRNA), UV light, or the purine nucleoside analogue fludarabine. By simultaneously triggering production of NOXA (using bortezomib) as well as reducing Mcl-1 levels (using siRNA, UV light, or fludarabine), significantly enhanced killing of melanoma cells was achieved. These results show binding interactions between distinct Bcl-2 family members, such as NOXA and Mcl-1, in melanoma cells, paving the way for novel and rational therapeutic combination strategies, which target guardians of the proapoptotic Bak-and Baxmediated pathways, against this highly aggressive and often fatal malignancy.
Introduction
Not only is the lifetime risk of developing melanoma increasing steadily (f1 in 75), but also in metastatic melanoma patients the average survival rate is only 6 to 10 months (1, 2). The treatment of metastatic melanoma is frequently futile because of the aggressive growth and apoptotic resistance of the tumor to various therapeutic regimens (3) . The resistance of melanoma to existing treatments is linked to the large number of survival pathways and inactivation of death pathways (2) . The treatment approaches that have been investigated in numerous phase III clinical trials include immunotherapy with or without dendritic cells, cytokine-based therapy, radiation therapy, and chemotherapy (4) (5) (6) . Even the use of combinations of chemotherapeutic agents has not significantly changed the overall survival benefit in any randomized clinical trials for the past 20 years. One of the primary obstacles to progress has been the lack of precise mechanistic insights by which conventional therapeutic agents either succeed or fail in killing various tumor cell types. Added to this issue has been the growing number of survival factors defined in melanoma cells that seem to present a daunting challenge for investigators attempting to overcome the apoptotic resistance of melanoma cells (7) . These survival factors include members of the Bcl-2 family, such as Bcl-2 and Bcl-x L , as well as elevated levels of survivin and Mcl-1 (8) (9) (10) . Recently, we and others have successfully overcome the apoptotic resistance of melanoma cells using proteasome inhibitors (11) (12) (13) , and this study extends our efforts to optimize the effectiveness of this class of antineoplastic reagents (14) .
To probe into the molecular black box of melanoma cells regarding apoptosis and drug resistance (7, 8, 15) , we sought to define the molecular mechanism by which a proteasome inhibitor [e.g., bortezomib (PS-341; Velcade)] can overcome the well-known apoptotic resistance of melanoma cells. Defining this pathway led to an important role for the BH3-only protein, NOXA, in the successful apoptotic response both in vitro and in animal-based xenograft tumor models (11) (12) (13) . The induction of NOXA was found to be independent of the p53 status of the treated cells and included a transcriptional component (11) (12) (13) . Because a recent phase II clinical trial using bortezomib as a single agent revealed minimal efficacy, we decided to identify molecular targets for NOXA with the perspective of using this new insight for designing a rational approach for combination therapy rather than relying on purely empirical approaches for future clinical trials (16) (17) (18) .
A growing body of evidence highlights the molecular machinery involving the intrinsic or mitochondrial-based apoptotic pathway (19, 20) . The overall integrity of mitochondrial function is controlled by the Bcl-2 family of proteins that include both antiapoptotic and proapoptotic members (21) . These family members belong to three different classes of proteins based on their Bcl-2 homology domains, which include multidomain antiapoptotic proteins (Bcl-2, Bcl-x L , Mcl-1, Bcl-w, and A1), multidomain proapoptotic proteins (Bak and Bax), and BH3-only proapoptotic proteins (Bid, Bad, Bim, PUMA, NOXA, and Bik). The proapoptotic BH3-only proteins, such as NOXA, are the most apical regulators of death signaling cascades and hence have become intensely studied in a variety of normal and malignant cell types (22) . A recent elegant model has been proposed in which the overall apoptotic response of cells can be defined around the proapoptotic Bak and Bax family members (23) (24) (25) .
According to this model, the activation of multidomain proapoptotic proteins, such as Bak and Bax, mediating toxicity is required for cell death and is normally blocked in healthy cells by the copresence of Mcl-1 and Bcl-x L . Thus, Mcl-1 and Bcl-x L serve as complimentary guardians to protect against cell death by binding to Bak and Bax and hence preventing their conformational state to be converted from an inactive to active or toxic status. However, when NOXA is induced, it can displace Mcl-1 leading to the ubiquitination and proteasome-mediated degradation of Mcl-1; when Bad is present, it can displace Bcl-x L , thereby allowing Bak and Bax to oligomerize, and in this activated conformation, Bak and Bax can mediate toxic reactions in the mitochondria culminating in cell death. Thus, a combination of both NOXA and Bad are postulated to be required to trigger cell death following a cytotoxic stimulus, although the relative contribution of the complementary guardians of Bak and Bax (e.g., Mcl-1 and Bcl-x L ) has not been defined in melanoma cells. In addition, the relative roles for activated Bak and Bax in the bortezomib-mediated cell death of melanoma cells has not been delineated. In other cell types, the relative roles for activated Bak and/or Bax have been found to be dependent on the stimulus (25) (26) (27) (28) .
Because we observed previously that inhibition of proteasome function served as a cytotoxic stimulus in melanoma cells but not in normal melanocytes, which resulted from differential induction of NOXA, the binding partner for NOXA was sought in melanoma cells and identified as Mcl-1. Once we established NOXA targeted counteracting Mcl-1 in bortezomib-treated melanoma cells, coupled with accumulation of Mcl-1 by proteasome inhibitors, agents that could be used to pretreat melanoma cells were identified to reduce Mcl-1 levels, thereby enhancing the effectiveness of bortezomib to augment the extent of NOXA-mediated cell death. Agents selected to reduce Mcl-1 levels included a genetic approach [e.g., small interfering RNA (siRNA) knockdown], a physical agent (e.g., low-dose UV light; ref. 29) , and a pharmacologic agent (e.g., purine nucleoside analogue, fludarabine). Previous studies have revealed the transcriptional and translational control of Mcl-1 is characterized by a short half-life at the mRNA and protein levels (29, 30) . Thus, the agents selected share the ability to disrupt both transcriptional and/or translational events and hence can reduce Mcl-1 levels (31). We were particularly interested in a purine nucleoside analogue (e.g., fludarabine) because it can inhibit both DNA and RNA synthesis and has been successfully combined in a clinical setting with other promising agents, including bortezomib, to achieve enhanced results (31) (32) (33) . Although activated conformation of both Bak and Bax could be detected, the relative kinetics and extent of activation was different with higher levels of activated Bax compared with Bak in bortezomib-treated melanoma cells.
As all melanoma cell lines examined constitutively expressed Bad as well as Bak and Bax, the current results support future clinical trials for melanoma patients in which bortezomib is used to induce NOXA, combined together with an agent, such as fludarabine, which can reduce Mcl-1 levels. Such new strategies targeting mitochondria (34) exploit the specificity of BH3-only proteins and requirement for coordinated inactivation of distinct survival factors that culminate in selective killing of melanoma cells while sparing normal melanocytes. It is essential for rational design of drug combinations to better understand the genetic and molecular basis for aberrant apoptosis control in melanoma cells (16, 22) , and the current results provide insight into specific therapeutic opportunities requiring bench to bedside translational studies.
Materials and Methods
Cell culture. A late-passage (>60 passages) human cutaneous melanoma cell line (C8161; mutant p53 allele) and low-passage (<20 passages) pulmonary metastatic melanoma cells (RJ002L; wild-type p53 allele) were maintained in RPMI 1640 supplemented with 10% fetal bovine serum as described previously (12) . Removal of the metastatic melanoma lesion was done after patient informed consent as part of a phase I Food and Drug Cell death detection. Cell viability was assessed using Apo Target Annexin V-FITC staining kits (Biosource, Camarillo, CA) according to the manufacturer's instructions. The relative percentage of cells undergoing apoptosis was quantified by flow cytometric analysis using FACSCalibur (Becton Dickinson, Palo Alto, CA) as described previously (13) .
Mcl-1 retroviral constructs and infection. The Mcl-1 cDNA (kindly provided by Dr. W. Douglas Cress, University of South Florida College of Medicine) was subcloned into the BamHI and NotI of LZRS-based retroviral expression vector. The Phoenix-Ampo retroviral packaging cells were transfected with calcium precipitation method and viral supernatants were prepared as described previously (30) . RJ002L melanoma cells were seeded in six-well plates and infected with viral supernatants containing either control vector (Linker) or Mcl-1 cDNA and then were subjected to 1 Amol/L bortezomib treatment for 24 hours.
Mcl-1 siRNA transfection. Smart pools of Mcl-1 siRNA duplexes and scrambled control duplexes were purchased from Dharmacon Research, Inc. (Lafayette, CO). C8161 melanoma cells were plated in six-well plates at a density of 15 Â 10 4 per well, and transfection was accomplished using Oligofectamine (Invitrogen, Carlsbad, CA) in Opti-MEM following the manufacturer's protocol. After 48 hours, transfected cells were treated with bortezomib for another 24 hours.
UV light exposure. To reduce Mcl-1 levels using UV light, melanoma cells were grown in 10-cm tissue culture plates and the lid and medium were removed followed by UV irradiation using a Panelite unit (Ultralite Enterprise, Inc., Lawrenceville, GA). This light source consists of four UVB bulbs (FS36T12/UVB-VHO) and the output wavelengths of the bulbs are 65% UVB, 34% UVA, and 1% UVC as described previously (37) . The UV dose was monitored with an International Light, Inc. (Newburyport, CT) radiometer fitted with a UVB detector. After irradiation, the medium was readded and the lid was replaced onto the Petri dish.
Western blot analysis. Whole-cell extracts were prepared as described previously (13) . Briefly, cells were harvested by scraping monolayers and washed with PBS. Cell pellets were resuspended in CHAPS containing a protease inhibitor cocktail. Extracts were vigorously shaken at 4jC for 15 minutes followed by centrifugation. Supernatants were collected and protein concentration determined using Bradford reagent (Bio-Rad Laboratories, Hercules, CA). Protein samples (30 Ag) were resolved by SDS-PAGE and transferred to polyvinylidene difluoride membrane by electroblotting. Membranes were probed with various primary antibodies overnight at 4jC and washed, and fluorescence-labeled secondary antibody was added. After 1 hour, membranes were washed and detected with LI-COR image analysis system.
Detection of intracellular levels of activated multidomain proapoptotic proteins. Melanoma cells were fixed with 2% paraformaldehyde (10 minutes, room temperature), washed, and incubated with primary antibodies that detect the activated configuration of Bak and activated Bax diluted in fluorescence-activated cell sorting (FACS) buffer supplemented with 0.3% saponin as described previously (35, 36) . Cells were then washed and incubated with FITC-labeled secondary antibody to detect levels of Bak and Bax in their activated configuration using FACS analysis. The percentage of melanoma cells containing activated Bak or Bax was assessed based on fluorescence intensity beyond the control antibody baseline levels (expressed in each figure as a relative percentage under a horizontal bracket, indicating the fluorescence intensity set points).
Immunoprecipitation. Cells treated with or without bortezomib were lysed in >10 volume of lysis buffer [50 mmol/L Tris-HCl (pH 7.4), 1% NP40, 0.25% sodium deoxycholate, 150 mmol/L NaCl, 1 mmol/L EDTA, freshly added 1 mmol/L phenylmethylsulfonyl fluoride, 1 mmol/L Na 3 VO 4 , 1 mmol/L NaF, protease inhibitor cocktail]. Lysate (500 Ag) from each sample was precleaned with protein A/G-plus agarose (Santa Cruz Biotechnology) and incubated with 2 Ag of either Mcl-1 or NOXA (Zymed, San Francisco, CA) antibodies or control rabbit IgG (Santa Cruz Biotechnology) for 4 hours followed by rotating with agarose beads overnight at 4jC. After extensive washes with lysis buffer and PBS, bound proteins were eluted with sample buffer and processed for Western blotting.
Immunofluorescence staining. C8161 melanoma cells were seeded on coverslips in six-well plates, transfected with 100 nmol/L Mcl-1 siRNA or control RNA for 48 hours, and then treated with the 1 Amol/L bortezomib for 6 hours. Before finishing the treatment, the cells were labeled with 50 nmol/L MitoTracker Red CMXRos (Molecular Probes, Eugene, OR) for 30 minutes. The cells were washed with PBS and fixed with 2% paraformaldehyde (20 minutes at room temperature), permeabilized with 0.2% Triton X-100 for 10 minutes, blocked with 2% bovine serum albumin (BSA) for 30 minutes, and then stained with 1 Ag/mL antibody against activated Bax (BD Transduction Laboratories, San Diego, CA) in 2% BSA for 1 hour at room temperature. After an extensive wash, cells were further incubated with goat anti-mouse IgG (Alexa Fluor 488, Molecular Probes) at 1:400 dilution for 1 hour. Before mounting, cells were stained with Hoechst 33342 at 10 Ag/mL for 5 minutes. Stained cells were visualized by Zeiss microscope, Oberkochen, Germany and the images were captured with Sensys camera (run by Macprobe version 4.1 software).
Bax cross-link assay. C8161 melanoma cells were treated with either 5 mJ/cm 2 UV light, 1 Amol/L bortezomib alone, or 6-hour UV light pretreatment plus bortezomib. The cells were collected by brief trypsinization, washed with PBS, and suspended in 250 AL PBS. Proteins were cross-linked with 0.5% formaldehyde with shaking at room temperature for 1 hour as described (38) . Cross-linking was quenched by adding 2 volumes of 2% glycine. The cells were spun, washed with PBS, and suspended in isotonic sucrose buffer. Whole-cell lysates were prepared and subjected to Western blot analysis with anti-Bax NT (Upstate, Lake Placid, NY).
Statistical analysis. The mean and SE were derived from at least three independent experiments and assessed by Student's t test. Results were considered significant when P < 0.05.
Results
Association between NOXA and Mcl-1 in bortezomib-treated melanoma cells. To determine if there were any molecular interactions between NOXA and Mcl-1, immunoprecipitations followed by Western blot analyses were done using melanoma cells before and after bortezomib exposure (1 Amol/L; 24 hours). When whole-cell lysates were immunoprecipitated for Mcl-1, the immunoblots of C8161 melanoma cells after bortezomib exposure revealed an association between Mcl-1 and NOXA ( Fig. 1, left) . Conversely, when bortezomib-treated melanoma cells were immunoprecipitated for NOXA, the immunoblot confirmed an association between NOXA and Mcl-1 ( Fig. 1, right) . Based on these coimmunoprecipitation and Western blot studies, a physical interaction between Mcl-1 and NOXA was identified in bortezomib-treated melanoma cells.
Overexpression of Mcl-1 reduces bortezomib-induced melanoma cell apoptosis. To determine if a binding partner of NOXA, which was determined to be Mcl-1 ( Fig. 1) , was influencing apoptotic susceptibility, retroviral-mediated infection to overexpress Mcl-1 in melanoma cells was followed by bortezomib exposure (1 Amol/L; 24 hours). RJ002L melanoma cells are more sensitive than C8161 melanoma cells to bortezomib-induced apoptosis (13) ; therefore, the ability of overexpression of Mcl-1 to protect against bortezomib-induced apoptosis was studied using RJ002L cells. After confirming an f2-fold level of overexpression of Mcl-1 ( Fig. 2A) , RJ002L melanoma cells were examined before and after bortezomib treatment and analyzed for extent of cell death. In control (Linker) infected melanoma cells, exposure to bortezomib increased cell death from 12% to >50% (Fig. 2B) . Compared with control (Linker) infected melanoma cells, the melanoma cells overexpressing Mcl-1 were significantly less susceptible to bortezomib-induced apoptosis as the Mcl-1-overexpressing melanoma cell death response following bortezomib was 30% (Fig. 2B ). In the next series of experiments, the effect of knocking down Mcl-1 levels was determined following bortezomib exposure accompanied by a more detailed biochemical dissection of molecular pathways involved in the apoptotic response.
Knockdown of Mcl-1 by siRNA enhances bortezomibinduced cell death of melanoma cells, including activation of Bak and Bax. By using a specific siRNA to knockdown Mcl-1 levels but not other Bcl-2 family members, such as Bcl-2 or Bcl-x L , the apoptotic dependence on Mcl-1 levels could be assessed in C8161 To further delineate the death machinery in melanoma cells, activated forms for both Bak and Bax were detected by FACS (Fig. 4A) . Although Bak and Bax in several experimental cell systems seem to be functionally equivalent in mediating cell death, and complete resistance is dependent on inactivation of both Bak and Bax (39) , their activation by exposure of ordered NH 2 -terminal sequences following bortezomib treatment of melanoma cells was examined. The antibodies used are well characterized and only recognize an epitope exposed when either Bak or Bax becomes activated (35, 36) . In control siRNA-treated C8161 melanoma cells, no constitutive activated Bak or Bax levels are detected (Fig. 4A) , and addition of bortezomib (1 Amol/L; 24 hours) only increased high levels of activated Bax (30.5%), with a less dramatic increase in activated Bak (5-7%). However, when Mcl-1 siRNA-treated melanoma cells were examined, addition of bortezomib (1 Amol/L; 24 hours) triggered prominent increase in both activated Bak (16.3%) and activated Bax (46.6%).
To confirm and extend these findings, subcellular localization profiles were done using MitoTracker Red CMXRos to identify intracellular mitochondria together with immunofluorescence staining to detect and localize activated Bax ( Fig. 4B and C) . When control siRNA-treated C8161 melanoma cells were examined in the absence of bortezomib, there was no detection of activated Bax in the cells in either the mitochondrial compartment or elsewhere in the cytosol. Addition of bortezomib (1 Amol/L; 6 hours) revealed occasional melanoma cells with detectable activated Bax (green), which colocalized in the merged views with the red-labeled mitochondrial compartment (yellow; white arrows depicting double staining). When Mcl-1 siRNA-treated C8161 melanoma cells were examined, no detection of activated Bax was identified in the absence of bortezomib (Fig. 4C) . However, with the addition of bortezomib (1 Amol/L; 6 hours), numerous melanoma cells expressing activated Bax (green), and the colocalization to the mitochondrial compartment (red) resulted in yellow stained cells when the images were merged (Fig. 4C, white arrows) . Taken together, these results indicate the increased number of C8161 melanoma cells expressing activated Bak and Bax can be detected when bortezomib is added to the Mcl-1 siRNA-treated cells compared with control siRNA-treated cells. In the following sections, other approaches to reducing Mcl-1 levels were used (e.g., UV light or fludarabine), and the subsequent molecular and cellular efforts were defined following bortezomib exposure.
Modulation of Mcl-1 levels in melanoma cells following UV light exposure and bortezomib treatment. Because Mcl-1 is a short-lived protein normally degraded via the ubiquitin-proteasome pathway (29) , addition of a proteasome inhibitor (e.g., bortezomib) leads to accumulation of Mcl-1 (11) (12) (13) . In other systems, reduction or loss of Mcl-1 is required for optimal apoptotic responses, and UV irradiation has been described previously as potent method to modulate Mcl-1 levels (30, 40) . To determine the effect of UV light alone and in combination with bortezomib, C8161 melanoma cells were examined before and after treatment and analyzed for relative levels of important proteins regulating apoptosis as well as the extent of cell death under each experimental condition. C8161 melanoma cells are characterized by high constitutive levels of several prosurvival proteins, including Mcl-1, Bcl-2, and Bcl-x L , as well as proapoptotic Bad and Bax, but only relatively low Bak and even lower NOXA levels (Fig. 5A) . A single low dose of UV light (5 mJ/cm 2 ) reduces Mcl-1 levels as early as 1 hour after irradiation and was 4-fold lower after 6 hours of irradiation. The reduced Mcl-1 levels were sustained 30 hours after UV light exposure with no comparable effects on the other protein levels (compare lanes 2 and 5 with lane 1). Exposure to bortezomib alone leads to accumulation of Mcl-1 levels (lane 3), and the pretreatment with UV light for 6 hours reduces the bortezomib-induced Mcl-1 levels (compare lane 4 with lane 3) after a subsequent 24-hour exposure interval to bortezomib (1 Amol/L) without affecting other protein levels, except for Bad, which was decreased 30 hours after a single dose of UV light and also reduced by bortezomib alone or UV light plus bortezomib. UV light irradiation alone did not induce NOXA after 6 hours and only slightly increased NOXA levels after 30 hours. When melanoma cells were pretreated with UV light for 6 hours and then exposed to bortezomib for 24 hours (lane 4), the high NOXA levels and lowered Mcl-1 levels were associated with higher levels of cleaved PARP.
Quantitative analysis of cell death was accomplished by Annexin V/FACS analysis using C8161 melanoma cells before and after the aforementioned single and combination treatments (Fig. 5B) . A single exposure to UV light (5 mJ/cm 2 ) produced a 22% cell death response after 30 hours compared with untreated cells (7%). Bortezomib alone (1 Amol/L) triggered a cell death response of 29% after 24 hours. Preirradiating C8161 melanoma cells for 6 hours followed by an additional 24 hours of bortezomib exposure triggered significant enhancement of cell death reaching 65% of the total cell population. Following up on the previous results using FACS and immunofluorescence-based cell staining to detect activated Bax, an additional biochemical approach was used that involved detection of Bax dimers by Western blot analysis. Activation of Bax can be detected by cross-linking intracellular proteins as described previously (38) , and Fig. 5C revealed the presence of Bax dimers in C8161 melanoma cells after UV light or bortezomib treatment. Furthermore, when both UV light and bortezomib are combined, an increased level of Bax dimmer can be detected compared with the individual treatments.
Based on these results, it seemed that the apoptotic response of melanoma cells to bortezomib included a pathway involving Mcl-1; therefore, additional experiments were designed to exploit this observation from a therapeutic perspective by combining bortezomib with a pretreatment protocol taking advantage of the ability of fludarabine to reduce Mcl-1 levels.
Combination of fludarabine and bortezomib enhances apoptotic response of melanoma cell killing. To further define 2 ) of UV light followed 6 hours later by addition of bortezomib for an additional 24 hours increased the cell death response to 65%. *, P < 0.05, significantly enhanced killing of melanoma cells by a combination of single low dose (5 mJ/cm 2 ) of UV light pretreatment followed by bortezomib compared with either agent used alone. Cell death assessment was done by Annexin V/FACS analysis as described in Materials and Methods. Columns, mean; bars, SE. C, C8161 melanoma cells were pretreated with UV light (5 mJ/cm 2 ) for 6 hours and then treated with or without bortezomib for 24 hours followed by cross-linking with formaldehyde as described in Materials and Methods. The Western blot analysis with Bax antibody shows Bax monomer (1Â) and Bax dimer (2Â). Note the Bax dimer level significantly increased in cells treated with UV light + bortezomib.
the relative role for Mcl-1 levels in the bortezomib-mediated apoptotic response of melanoma cells, a therapeutically relevant strategy was employed using fludarabine. Fludarabine was selected for this drug combination approach because of its ability to reduce Mcl-1 levels (31), and other groups have reported enhanced killing of tumor cells by targeting Mcl-1 using other agents (41, 42) . A dose-dependent (1, 5, and 10 Amol/L) reduction in high constitutive Mcl-1 levels was observed at 24 hours in C8161 melanoma cells following exposure to fludarabine alone, with no significant effect on levels of other Bcl-2 family members, such as Bcl-2, Bcl-x L , and Bad (Fig. 6A) . Fludarabine treatment alone over the dose range used in this experimental setting for 24 hours had minimal effect on NOXA levels and no effect on total cellular levels of Bak, Bax, or PARP levels. C8161 melanoma cells pretreated with increasing concentrations of fludarabine for 24 hours followed by washing and then exposed to bortezomib produced a dose-dependent reduction in the accumulation of Mcl-1 with minimal effects on Bcl-2, Bcl-x L , Bak, and Bax (Fig. 6A) . Whereas the pretreatment with fludarabine did not influence bortezomib-induced NOXA levels or Bcl-2 and Bcl-x L levels, there was an overall reduction in Bad levels in cells exposed to bortezomib. The pretreatment with fludarabine followed by bortezomib was also associated with a dose-dependent increase in cleaved PARP levels, being greatest at the two highest fludarabine doses.
Compared with spontaneous levels of C8161 melanoma cell death (untreated; 8% by Annexin V/FACS analysis), there was no significant induction in cell death after 24 hours by fludarabine when used alone (1, 5, and 10 Amol/L; 9-11% by Annexin V/FACS analysis; Fig. 6B ). The cell death response in C8161 melanoma cells exposed to increasing concentrations of fludarabine alone for 24 hours followed by washing and an additional 24 hours revealed increased cell death at the 5 and 10 Amol/L doses (21% and 39%, respectively). When bortezomib (1 Amol/L) was added as a single agent, the 24-hour cell death response was 24%. Although pretreating C8161 melanoma cells with 1 Amol/L fludarabine for 24 hours and then washing and adding bortezomib for an additional 24 hours did not increase the cell death response (23 %), when the fludarabine pretreatment concentration was increased to 5 and 10 Amol/L, addition of bortezomib increased the cell death response to 43% and 57%, respectively. These increased death responses were consistent with the increased PARP levels as depicted in Fig. 6A .
To further characterize the response of melanoma cells to the combination of fludarabine pretreatment followed by bortezomib exposure, the relative levels of activated Bak and Bax were examined using FACS analysis. Exposure to fludarabine alone (24 hours; 1, 5, and 10 Amol/L) triggered no increase in activated Bak levels but increased the activated Bax levels at the 5 and 10 Amol/L concentrations from 6% in untreated cells to 12% and 17%, respectively (Fig. 6C) . When C8161 melanoma cells were treated with fludarabine at the indicated concentrations for 24 hours, washed, and then exposed to bortezomib (1 Amol/L) for an additional 24 hours, activated Bak levels increased from 2% to 8%, 10%, and 12% at the 1, 5, and 10 Amol/L fludarabine concentrations, respectively (Fig. 6C, top) . When C8161 melanoma cells were treated with fludarabine at the indicated concentrations for 24 hours, washed, and then exposed to bortezomib (1 Amol/L) for an additional 24 hours, activated Bax levels increased from 18% to 29%, 44%, and 46% at the 1, 5, and 10 Amol/L fludarabine concentrations, respectively (Fig. 6C, bottom) . Taken together, these results indicate that pretreatment of melanoma cells with fludarabine followed by bortezomib exposure enhances intracellular levels of activated conformations of both Bak and Bax.
A summary of the working model by which a combination of fludarabine and bortezomib produce enhanced melanoma cell killing, in which NOXA, Mcl-1, and activated Bak and Bax are highlighted, is provided in Fig. 7 .
Discussion
Targeting the proteasome function has turned out to be an excellent antireplicative strategy for oncologists in a variety of clinical settings (43) . The 26S proteasome is composed of a multicatalytic protease functioning to regulate a larger number of intracellular protein levels. Various inhibitors can reversibly block the chymotryptic-like proteolytic activity of the proteasome complex (14) . Of particular note is the relative sparing by proteasome inhibitors of normal, nonmalignant cells from apoptosis but also the ability to bypass classic multidrug resistance mechanisms (44) .
Precise molecular details controlling cell death decisions are rapidly emerging from several laboratories (45) (46) (47) . As regards the multidomain-mediated apoptotic pathway, a distinctive mode of regulation has been proposed by which proapoptotic proteins, such as Bak and Bax, are normally prevented from activation by direct sequestration due to two different prosurvival proteins, Mcl-1 and Bcl-x L (24, 25) . The conformational change associated with Bak and Bax toxicity when Mcl-1 and Bcl-x L are displaced by NOXA and Bad, respectively, can be quantitated using antibodies directed against a NH 2 -terminal epitope in Bak and Bax (35) . To determine if this model could be exploited therapeutically, we defined the molecular machinery engaged by a proteasome inhibitor in melanoma cells. Moreover, the relative roles for NOXA/ Mcl-1 versus Bad/Bcl-x L could be assessed in melanoma cells. Indeed, this model was validated and successfully exploited because we showed that NOXA bound to Mcl-1 and by simultaneously inducing NOXA and reducing Mcl-1 levels, leading to enhanced levels of activated Bak and Bax accompanied by killing of melanoma cells. A summary of our current working model for these molecular mechanistic pathway by which a combination of bortezomib plus fludarabine produced enhanced killing of melanoma cells is presented in Fig. 7 .
The accumulation of the prosurvival protein Mcl-1 is not surprising following bortezomib exposure, given that the proteasome 6-8 ) . Actin levels confirm equivalent protein loading. Whole-cell extracts and immunoblotting was done as described in Materials and Methods. B, quantitative assessment of cell death in C8161 melanoma cells reveals a low spontaneous level (8%), which is not significantly increased by 24-hour exposure to fludarabine alone (1, 5, and 10 Amol/L). When fludarabine is used alone for 24 hours, and the cells are washed and examined after an additional 24 hours, there is a dose-dependent increase in cell death at the 5 Amol/L (24%) and 10 Amol/L (39%) concentrations. Bortezomib treatment alone (1 Amol/L; 24 hours) triggered 24% cell death response. When fludarabine was added for 24 hours, and the cells were washed and then exposed to bortezomib for an additional 24 hours, although there was no increased cell death at the concentration of 1 Amol/L fludarabine, the use of fludarabine at 5 and 10 Amol/L did increase the cell death response (43% and 57%, respectively). *, P < 0.01, significantly enhanced killing of melanoma cells by a combination of fludarabine pretreatment at 5 and 10 Amol/L doses followed by bortezomib compared with either agent used alone. Cell death assessment was done by Annexin V/FACS analysis as described in Materials and Methods. Columns, mean; bars, SE. C, response of C8161 melanoma cells to fludarabine (1, 5, and 10 Amol/L) and/or bortezomib (1 Amol/L) reveals altered intracellular levels of activated Bak and activated Bax. Compared with low constitutive activated Bak or Bax levels (2% and 6%, respectively), the cell death response to fludarabine alone at all concentrations after 24 hours is characterized by no to minimal increases in intracellular levels of activated Bak, whereas activated Bax is increased at 5 and 10 Amol/L to 12% and 17%, respectively. Pretreatment of C8161 melanoma cells with fludarabine (24 hours) followed by washing and exposure to bortezomib (24 hours) triggered enhanced activated Bak levels at 1, 5, and 10 Amol/L concentrations of fludarabine of 8%, 10%, and 12%, respectively. Pretreatment of C8161 melanoma cells with fludarabine (24 hours) followed by washing and exposure to bortezomib (24 hours) triggered enhanced activated Bax levels at 1, 5, and 10 Amol/L concentrations of fludarabine of 29%, 44%, and 46%, respectively. Taken together, these results show that pretreatment with fludarabine followed by bortezomib triggers conformational changes leading to activation of both Bak and Bax in melanoma cells. Quantitation of melanoma cells expressing activated Bak or Bax was done using FACS and setting the gates based on isotype control antibody staining profiles versus staining intensity detected by using antibodies specific for activated conformations of Bak and Bax as described in Materials and Methods. The bars and the underlying percentages indicate the relative increase in cells expressing either activated Bak or Bax.
mediates the degradation of many proteins involved in cellular proliferation and apoptosis. Thus, to increase the effectiveness of killing by bortezomib, it is important to consider adding a second agent that can interfere with the Mcl-1 accumulation. By pretreating melanoma cells with either Mcl-1 siRNA, low-dose UV light, or fludarabine, Mcl-1 levels were reduced sufficiently to enhance the effectiveness of NOXA accompanied by increased melanoma cell death. Another set of important observations was the relatively low levels of Bad present in bortezomib-treated melanoma cells (Figs. 5 and 6 ), suggesting a greater role for NOXA in displacing Mcl-1, compared with Bad displacing Bcl-x L , in this neoplastic system using a proteasome inhibitor. These results provide a molecular basis for rational combination therapies operating through the mitochondrial apoptotic pathway in which bortezomib is used together with other agents targeting Mcl-1 (48) .
Using proteasome inhibitors with melanoma cells has provided new insights not only into the apoptotic resistance of these aggressive tumor cells but also into new pathways that can be designed to overcome the apoptotic resistance of melanoma while sparing normal melanocytes (43) . Exposing melanoma cells to conventional chemotherapeutic agents have yielded only modest proapoptotic responses, and several antiapoptotic factors have been invoked to explain this relative refractoriness. The best single agent activating against melanoma is dacarbazine or its derivative temozolomide, but only a 10% to 15% response rate is observed with a 4-month median response duration (49) . Specific mechanisms by which melanoma cells acquire their notorious resistance to either extrinsic or intrinsic pathway-mediated killing include activation of Ras with increased levels of Bcl-2 (50, 51), increased survivin levels (52), loss of death receptors (53, 54) , and reduction in Apaf-1 expression (55) (56) (57) .
To overcome this apoptotic resistance, we and others have discovered a key role for the proapoptotic BH3-only protein NOXA, which is selectively induced by proteasome inhibitors (in a p53-independent fashion) but not conventional chemotherapeutic agents, such as Adriamycin or etoposide (11) (12) (13) 58) . Of perhaps equal importance is the sparing of NOXA induction or killing of normal melanocytes by bortezomib (11) (12) (13) 58) . Given the disappointing phase II clinical trial results using bortezomib as a single agent (18) , we decided to further interrogate the apoptotic machinery engaged within melanoma cells that were exposed to bortezomib to determine a rational basis for selecting an appropriate agent to combine with bortezomib and hence potentially improve the killing of melanoma cells. The clear-cut binding partnership established between NOXA and Mcl-1 paved the pathway to the studies herein focused on Mcl-1. As revealed in this report, the use of several different mediators to modulate Mcl-1 influenced the apoptotic susceptibility in melanoma cells exposed to bortezomib, validating the approach for a rational drug combination therapy.
For practical considerations, we selected fludarabine as an appropriate pharmacologic agent to combine with bortezomib given the ability of fludarabine to reduce Mcl-1 levels that became elevated and thereby counteract the proapoptotic effects of NOXA induction by bortezomib. Another group observed synergistic killing of leukemia cells when either fludarabine or another purine nucleoside analogue, cladribine, was combined with bortezomib (33) . By combining bortezomib with fludarabine, not only is it likely that a greater and more durable clinical effect as regards killing of melanoma cells can be achieved, but also it may also be possible to use lower drug concentrations and avoid or minimize toxicities that can limit the usefulness of either drug administered individually in patients with melanoma. In conclusion, the current results support further studies, including a clinical trial in which patients with metastatic melanoma are treated with a combination of bortezomib plus fludarabine, and tissue samples were examined to assess the relative levels of NOXA and Mcl-1 within tumor cells before and after this combination therapy in responders and nonresponders. The key elements of this model include a strategy by which inhibition of proteasome activity (via bortezomib) not only triggers proapoptotic NOXA induction but also counteracts the undesirable accumulation of antiapoptotic Mcl-1 levels (using siRNA against Mcl-1 or using fludarabine pretreatment).
